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Zika virus (ZIKV), a single-stranded RNA virus, 
belongs to the family Flaviviridae. It is transmitted 

by infected Aedes spp. mosquitoes, the same vector 
that transmits dengue virus (DENV) in tropical and 
subtropical areas (1–3). Patients infected by ZIKV are 
often asymptomatic or have mild symptoms similar 
to those of dengue infections, such as fever, rash, and 
joint pain (4–6). However, the ZIKV outbreak in Bra-
zil in 2015–2016 has drawn much attention because of 

its association with a marked increase in the number 
of newborns with microcephaly from infected moth-
ers (7–10). Other neurologic diseases, such as Guil-
lain-Barré syndrome, have also been associated with 
ZIKV infections (7,11,12).

Several molecular- or serologic-based assays 
have been approved by the US Food and Drug Ad-
ministration for emergency use to diagnose ZIKV 
infections (13,14). Nucleic acid testing has shown 
good specifi city in general, but high variations in 
assay sensitivity have been reported (15). This vari-
ability can be the result of complicated experimental 
setups, genetic variability in different virus strains, 
or narrow detection window because of low viremia 
load in ZIKV-infected patients (16,17). Thus, in nu-
cleic acid test–negative cases, complementary assays 
based on serology testing, such as Zika IgM antibody 
capture ELISA (MAC-ELISA) and plaque-reduction 
neutralization test (PRNT), are required to validate 
the results (18,19). Those secondary tests are not spe-
cifi c because of high cross reactivity with other fl a-
viviruses, further complicating the interpretation of 
test results (20,21). There is a need to develop a more 
reliable Zika diagnostic test for outbreak control and 
improved patient care.

We aimed to develop specifi c serology tests that 
could differentiate ZIKV from DENV infections by 
engineering the ZIKV nonstructural protein 1 (NS1). 
We established both ELISA and immunochromato-
graphic assays (IAs) for specifi c and sensitive bind-
ing to ZIKV IgM and IgG. In particular, we developed 
2 IA assays, in which the engineered antigens were 
used either as capture (F1 format) or detector (F2 for-
mat), resulting in slight difference in sensitivity and 
specifi city. We further assessed assay performance by 
testing plasma samples collected from patients dur-
ing acute and convalescent phases of infection. 
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Dengue	 virus	 (DENV)	 and	 Zika	 virus	 (ZIKV)	 belong	 to	
the Flaviviridae	 family	 of	 viruses	 spread	 by	Aedes ae-
gypti	mosquitoes	 in	 tropical	 and	 subtropical	 areas.	Ac-
curate	diagnostic	tests	to	diff	erentiate	the	2	infections	are	
necessary for patient management and disease control. 
Using	characterized	ZIKV	and	DENV	patient	plasma	 in	
a	blind	manner,	we	validated	an	ELISA	and	a	rapid	im-
munochromatographic	test	for	ZIKV	detection.	We	engi-
neered	the	ZIKV	nonstructural	protein	1	(NS1)	for	sensi-
tive	serologic	detection	with	low	cross	reactivity	against	
dengue	 and	 developed	monoclonal	 antibodies	 specifi	c	
for	the	ZIKV	NS1	antigen.	As	expected,	the	serologic	as-
says	performed	better	with	convalescent	than	acute	plas-
ma	 samples;	 the	 sensitivity	 ranged	 from	 71%	 to	 88%,	
depending	on	 the	performance	of	 individual	 tests	 (IgM/
IgG/NS1).	Although	serologic	 tests	were	generally	 less	
sensitive	with	acute	samples,	our	ZIKV	NS1	antibodies	
were	able	to	complement	the	serologic	tests	to	achieve	
greater	sensitivity	for	detecting	early	infections.
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Materials and Methods

Patient Samples and Study Approval
Whole-blood samples were collected with ethylene-
diaminetetraacetic acid-lined Vacutainer tubes (Bec-
ton Dickinson, http://www.bd.com) from patients 
referred to the Communicable Disease Centre, Tan 
Tock Seng Hospital (TTSH), Singapore. We obtained 
blood specimens from patients consenting to the 
study. All patients gave separate written informed 
consent. The study protocols were approved by the 
SingHealth Centralized Institutional Review Board 
(reference no. 2016/2219) and by the National Health-
care Group Domain Specific Review Board (reference 
no. 2015/00528).

This study included plasma samples obtained 
from 94 patients with ZIKV who were admitted to 
the Communicable Disease Centre at TTSH during 
August 27, 2016–August 14, 2017, and 70 DENV 
patients admitted during April 29, 2016–March 28, 
2017. Samples were collected at 2 phases: acute (1–6 
days postonset of symptoms [dpo]) and early con-
valescent (7–21 dpo). Patients could donate blood 
samples multiple times during each phase. Only 
11/94 (12%) of patients from the ZIKV cohort and 
12/70 (17%) of patients from the DENV cohort had 
traveled within 2 weeks of recruitment. Therefore, 
we could conclude that most patients were infected 
from local transmission.

Among the patients with ZIKV, 41 (43.62%) were 
female and 53 (56.38%) were male (Table 1). These 
patients were confirmed to be infected with ZIKV ac-
cording to reverse transcription PCR (RT-PCR) using 
an adapted protocol (22) performed on plasma and 
urine samples obtained during their first visits. In 
addition, all ZIKV patients were tested for dengue 
NS1 using the SD BIOLINE Dengue Duo rapid test 
(Abbott, https://www.globalpointofcare.abbott); 3 
of 94 patients were further confirmed DENV NS1-
positive by RT-PCR, indicating a concurrent DENV 
infection (23). Among the DENV patients, 19 (27.14%) 
were female and 51 (72.86%) were male. The patients 
with DENV were tested with hospital routine diag-
nostics using the SD BIOLINE Dengue Duo rapid 
test. All NS1-positive samples were confirmed to be 
dengue positive using the FTD Zika/dengue/chi-
kungunya RT-PCR (Fast Track Diagnostics, http://
www.fast-trackdiagnostics.com). Dengue serotypes 
were further determined by FTD dengue differen-
tiation RT-PCR test (Fast Track Diagnostics), accord-
ing to the manufacturer’s instructions (Appendix 1,  
https://wwwnc.cdc.gov/EID/article/27/5/ 
19-0121-App1.pdf).

For the validation tests, we used 70 samples from 
62 unique patients with ZIKV (9 patients had >1 sam-
ple collected during the time period), and 81 samples 
from 68 unique patients with DENV (13 patients had 
>1 sample collected) collected in the acute phase (1–6 
dpo). From the early convalescent phase (7–21 dpo), 
we used 48 samples from 44 unique patients with 
ZIKV and 70 samples from 53 unique patients with 
DENV. Samples were randomized and blinded dur-
ing testing.

During assay optimization, we used a subset 
of samples from TTSH and a commercial vendor 
(SeraCare, https://www.seracare.com) and desig-
nated this combined sample pool as the training set 
(37 ZIKV  samples, 67 DENV  samples). TTSH sam-
ples have records of the day of collection after on-
set of symptoms (27 ZIKV  samples, 46 DENV  sam-
ples), whereas this information was not available 
for the commercial samples (10 ZIKV  samples, 21 
DENV  samples). SeraCare panels 0845–0142 (ZIKV) 
and 0845–0074 (DENV) were used for training; sam-
ples DSC-7, 12, and 20 from SeraCare panel 0845–0051 
(DENV) and ZPC-1, -2, -4, and -8 (ZIKV, country of 
origin Columbia) acquired from Precision Technolo-
gies, Singapore (http://www.pretech.com.sg) were 
used for characterization of engineered ZIKV NS1 
(Appendix 1). 

Results

Engineering Full-Length NS1 Protein  
for Serologic Assays
We hypothesized that ZIKV NS1 could be used to de-
velop a specific and sensitive serologic test because 
we were able to generate monoclonal antibodies spe-
cific for this antigen without cross-reactivity to NS1 
from other flaviviruses. When we first tried to express 
the full-length ZIKV NS1 protein (GenBank accession 

 
Table 1. Characteristics	of	patients	admitted	to	Tan	Tock	Seng	
Hospital, Singapore, whose	blood	samples	were	used	for	study 
of Zika	diagnosis* 

Patient	characteristics 
Patients	with	
Zika	virus 

Patients with 
dengue	virus 

Total	no. 94 70 
Sex 
 M 53	(56.4) 51	(72.9) 
 F 41	(43.6) 19	(27.1) 
Ethnicity 
 Chinese 77	(81.9) 41	(58.6) 
 Malay 7	(7.4) 5	(7.1) 
 Indian 5	(5.3) 7	(10.0) 
 Other 5	(5.3) 17	(24.3) 
Median age, y 39 35 
Age range, y 14–72 22–60 
*Values	are	no.	(%)	except	as	indicated. 
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no. KX447521.1), we found that it was poorly ex-
pressed in our mammalian system. We subsequently 
constructed various ZIKV NS1 domains fused to dif-
ferent carriers at the N or C terminus. We aimed to 
optimize the construct with respect to solubility and 
specific reactivity to ZIKV immune serum samples.

Among the different construct designs, we de-
termined that the His-tagged albumin domain (H, 
residue 1–197 aa) N terminally fused to the NS1 vari-
ants, resulting in H-zWT (NS1 1–352 aa) and H-zD1 
(NS1 172–352 aa), showed reasonable solubility (>1 
mg per 40–80 mL of culture). Using IgG ELISA, we 
showed that the 2 constructs had good reactivity to 
the commercial ZIKV samples (Figure 1, panel A), but 
H-zD1 showed reactivity to only 1 TTSH ZIKV sam-
ple (Figure 1, panel B). We observed that wild-type 
NS1 (ZIKV WT and DENV WT, obtained from Native 
Antigen) showed similar reactivity as H-zD1 to these 
TTSH serum samples (Figure 1, panel B).

Although our full-length ZIKV NS1 was not ex-
pressed in soluble form with the thioredoxin (Trx) 
at the C terminus, we were able to produce 2 soluble 
forms of C terminal constructs: zD1-Trx (residue 172–
352 aa) and zD2-Trx (172–339 aa). We asked wheth-
er truncation at the C terminus could differentiate 

zD1-Trx from zD2-Trx in DENV IgG cross reactivity. 
Among the DENV samples from the SeraCare com-
mercial panel 0845_0051 that were available at the 
time (DSC-7, DSC-12, and DSC-20), we found that 
DSC-7 showed cross reactivity to the ZIKV WT. We 
then showed that zD2-Trx has reduced IgG ELISA 
activity to DSC-7, compared with zD1-Trx (Figure 
1, panel C). Although we observed this only with 1 
DENV serum sample, we hypothesized that, by alter-
ing residues conserved between DENV and ZIKV in 
the region of 339–352 aa, we could reduce DENV IgG 
cross reactivity.

We subsequently generated a series of mutants 
spanning the 339–352 aa region of the H-zWT con-
struct because this format was the most reactive to 
ZIKV IgG. Of all the mutants, we selected H-zMut1 
(V350T, N344D, P341Q) and H-zMut2 (A352D, T351H, 
S348D, N344K, P341H), for their soluble expression 
and their ability to reduce DENV cross reactivity 
without greatly compromising the ZIKV signal in 
both the ELISA and IA formats. We first showed that 
H-zMut2 had a greater reduction in reactivity to DSC-
7 compared with H-zWT and H-zMut1 in IgG ELISA 
(Figure 1, panel D). We then further used H-zMut2 
as the capture antigen for optimizing the ELISA for 

Figure 1. Reactivity of nonstructural protein 1 antigens to ZIKV and DENV plasma in study of Zika diagnosis, Singapore. A) Reactivity of 
H-zWT and H-zD1 to commercial ZIKV IgG in ELISA format. B) Reactivity of H-zWT, H-zD1, ZIKV WT, and DENV WT to samples from 
Tan Tock Seng Hospital. C) Comparison of zD1-Trx and zD2-Trx activity to DSC-7. D) comparison of H-zWT, H-zMut1, and H-zMut2 
activity to DSC-7. The graphs show mean OD measurements from 2 replicates. DENV, dengue virus; OD, optical density; WT, wild type; 
ZIKV, Zika virus.



RESEARCH

1430	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 27, No. 5, May 2021

specific binding to IgM and IgG with a collection of 
plasma samples designated the “training set.” Under 
the optimized ELISA conditions, H-zMut2 resulted 
in IgM/IgG detection with sensitivity and specificity 
>80% (Figure 2, panels A, B; Appendix 1 Table 1).

H-zMut2 ELISA for Blinded Test Evaluation
Upon achieving the desired performance with the 
training set, we proceeded to evaluate our assay 
on a larger group of samples in a blinded man-
ner. This validation set consisted of 269 samples 
collected by TTSH from patients with ZIKV and 
DENV. Among the 3 engineered antigens, H-zMut2 
showed greater detection sensitivity and specificity 
than ZIKV WT but only slightly lower sensitivity 
(though higher specificity) compared with H-zWT 
(Figure 3; Appendix 1 Table 2). In the ELISA test, 
H-zMut2 showed low sensitivity with acute samples 
(IgM/IgG 41%/23%) but high specificity (IgM/IgG 
100%/97%) (Table 2; Figure 3). The result reflected 
the low IgG titer during the acute phase of Zika in-
fection, consistent with other studies (Table 2; Fig-
ure 3, panels D, E; Appendix 1 Table 2). Compared 
with H-zMut2, ZIKV WT showed much lower sen-
sitivity (IgM/IgG 3%/14%) (Appendix 1 Table 2). In 
contrast with the acute samples, H-zMut2 capture 
antigen showed relatively high sensitivity when 
tested on convalescent samples (IgM/IgG sensitiv-
ity 79%/83%, IgM/IgG specificity 95%/84%) (Table 
2; Figure 3), and continued to outperform ZIKV WT 
(IgM/IgG sensitivity 33%/56%, IgM/IgG specificity 
98%/73%) (Appendix 1 Table 2).

Given that the IgM or IgG ELISA with H-zMut2 
each detected a different subset of ZIKV samples 
(Figure 3, panels B, E), combining the IgM/IgG test 

results could achieve a greater sensitivity for both 
acute samples (17% [WT] < 52% [mut2]) and conva-
lescent samples (83% [WT] < 89% [mut2]) (Appendix 
1 Table 2). Although H-zWT was more sensitive than 
ZIKV WT in individual IgM/IgG tests, both antigens 
showed comparable combined sensitivity (Appendix 
1 Table 2). The ZIKV WT, however, was more cross-
reactive to DENV IgG (specificity 54% [H-zWT] < 
71% [ZIKV WT] < 80% [H-zMut2]).

Engineered NS1 Antigens for Rapid Test Assay
To develop IA that would permit rapid diagnosis of 
ZIKV infections, we evaluated both candidates, H-
zMut1 and H-zMut2, using 2 different assay formats. 
The first format (F1), similar to the ELISA approach, 
used the engineered proteins as capture antigens for 
ZIKV IgM and IgG on 2 independent strips and used 
a detector antibody conjugated to enzyme for signal 
amplification (Figure 4). In the second format (F2), 
the antigens were conjugated to gold nanoparticles 
and served as a detector for binding patient IgM and 
IgG that were captured on 2 different spots on the 
same strip (Figure 5). During the development and 
optimization of the assays, we found that H-zMut2 
showed better sensitivity than H-zMut1 in the F1 for-
mat, whereas HzMut1 showed better performance in 
the F2 format.

When analyzing the training set in the F1 for-
mat, H-zMut2 showed greater detection sensitivity 
and specificity than ZIKV WT (except slightly lower 
in IgM specificity, 89.6% [H-zMut2] vs. 95.5% [ZIKV 
WT]) and greater IgG specificity than H-zWT, though 
with comparable sensitivity (Figure 4; Appendix 1 
Table 3). Although H-zWT also showed improved 
sensitivity compared with ZIKV WT (IgM 49% [WT] 

Figure 2. Reactivity of nonstructural protein 1 antigens to ZIKV and DENV plasma in study of Zika diagnosis, Singapore. H-zMut2 ELISA 
was tested with a training set for binding to IgM (A) and IgG (B). Results are representative of replicates for each sample. Normalized 
OD >1.5 for plasma or serum sample was determined as positive for ZIKV infection. DENV, dengue virus; OD, optical density; ZIKA, 
Zika virus.
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< 81% [H-zWT]; IgG 70% [WT] < 97% [H-zWT]), it 
showed lower IgG specificity than H-zMut2 and 
ZIKV WT (Figure 4; Appendix 1 Table 3).

H-zMut2-F1 and H-zMut1-F2 for Blinded Test Evaluation
When we evaluated the H-zMut2-F1 assay with 
the validation set in a blinded manner, it showed 
51%/95% (IgM) and 44%/93% (IgG) sensitivity/spec-
ificity for the acute phase samples (Table 2; Figure 
6). In contrast with the acute plasma samples, the F1 
assay could achieve >70% test performance for con-
valescent samples (sensitivity: IgM/IgG 71%/90%; 
specificity: IgM/IgG 87%/79%). Combining both IgM 
and IgG tests increased the sensitivity for acute phase 
samples (69%) without greatly lowering the specific-
ity (89% vs. 95%) (Table 2). Although the combined 
tests showed no major change in sensitivity with con-
valescent samples (90%), there was a slight decrease 
in the specificity (69% [IgM + IgG] <79% [IgG] <87% 
[IgM]) (Table 2).

When we used H-zMut1 in the F2 format to an-
alyze the validation set, it showed lower sensitivity 
than HzMut2-F1, noticeably in IgG detection (Table 
2). However, when both IgM and IgG tests were 

combined, H-zMut1-F2 showed improved sensitiv-
ity, 60% for acute samples and 88% for convalescent 
samples, while maintaining excellent specificity, 96% 
for acute samples and 84% for convalescent samples 
(Table 2).

Performance Comparison for F1/F2 IA Format  
and Commercial Kit
We evaluated a commercially available ZIKV IgM/
IgG rapid test kit (GenBody,  http://genbody.co.kr) 
with TTSH samples, and compared the results to 
our F1 and F2 IA formats obtained from the blinded 
samples test. The GenBody kit used E (envelope) 
and NS1 antibodies in complex with E/NS1 antigen 
for detecting ZIKV IgM/IgG. This commercial kit 
was previously reported to exhibit high sensitivity 
and specificity for both IgM and IgG (>90%) (24). 
The GenBody tests did not perform as well as our 
F1 and F2 IA when applied to the samples from the 
validation set (Table 3). In particular, the Genbody 
test showed low sensitivity for IgM (29%) and low 
specificity for IgG (62%). The combined IgM/IgG 
test from GenBody showed low specificity (56%) but 
reasonable sensitivity (79%).

Figure 3. H-zMut2 ELISA for validation set in study of Zika diagnosis, Singapore. A, D) H-zMut2 reactivity to IgM (A) and IgG (D) present in 
plasma collected during acute and recent convalescent phases (ZIKV-A, n = 70 [1–6 dpo]; ZIKV-C, n = 48 [7–14 dpo]; DENV-A, n = 81 [1–6 
dpo]; DENV-B, n = 70 [7–21 dpo]). Plasma samples were blinded and tested with H-zMut2 as the capture antigen. Normalized OD >1.5 for 
plasma sample was determined as positive for ZIKV infection. Results are representative of 2 replicates for each plasma sample. B, C, E, 
F) Patient samples for ZIKV (B, E) and DENV (C, F). The plots show distribution of number of plasma cases (x-axis) over number of days 
post infection (y-axis, dpo) for H-zMut2 ELISA tested with validation set; the number of positive plasma samples (black bar) was shown 
against the total (gray bar) for each dpo. DENV, dengue virus; dpo, days postonset of symptoms; OD, optical density; ZIKA, Zika virus.
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Addition of ZIKV NS1 Test to Improve Sensitivity  
for Acute Phase Samples
Detecting DENV NS1 in serum has been reported 
to be a suitable method for diagnosing acute DENV 
infections (25,26). We hypothesized that by detect-
ing NS1 antigen in acute ZIKV-infected plasma, 
this assay could improve the sensitivity of the 
IgM/IgG test because ZIKV belongs to the same 
flavivirus family as DENV. We generated monoclo-
nal antibodies specific against ZIKV NS1 antigen 
and optimized antibody pairing for quantitative 
ELISA (Appendix 1 Figure, panel A). Using normal 
human serum spiked with recombinant ZIKV NS1, 
we established 0.1 ng/mL as the detection limit in 
our assay (Appendix 1 Figure, panel B). After test-
ing 45 DENV samples, we set a cutoff above 0.25 
ng/mL as being ZIKV NS1 positive (Appendix 1 
Figure, panel C).

We next evaluated the performance of our NS1 
ELISA by testing the validation set in a blinded fashion. 
The area under the receiver operating characteristics 
curve plotted with ZIKV-infected and non–ZIKV-in-
fected samples was 0.715, suggesting that the assay was 
able to differentiate between these 2 groups of patients 
with sensitivity of 41% and a specificity of 98% for acute 
phase samples (Table 2; Figure 7, panel A). We found 
that the ZIKV NS1 concentration was extremely low or 

undetectable in most of the patient samples. Among all 
the ZIKV-infected acute samples, only 7% had NS1 >1 
ng/mL; 34% were in the range of 0.25–1 ng/mL, and 
60% of the samples had NS1 level below the detection 
limit (Figure 7, panels B, C). However, when comple-
menting NS1 antigen detection with either IgM or IgG 
ELISA, the sensitivity of detection could be improved 
for acute-phase infections (53% [IgM+IgG] < 56% 
[IgM+NS1] < 61% [IgG+NS1]) (Table 2). After we com-
bined all 3 tests (NS1/IgM/IgG), the ELISA sensitivity 
was further improved to 67% while maintaining a high  
specificity (96%).

Analysis of Acute-Phase Patient Samples
We tested a total of 151 acute-phase samples (70 ZIKV 
and 81 DENV samples, collected at 1–6 dpo) with ELISA 
and IA methods. Our data suggested that a combina-
tion of 3 immuoassays, NS1, IgM, and IgG, was needed 
to achieve a reasonable detection sensitivity in the acute 
phase. Among the 70 acute-phase serum samples, our 
ELISA tests were able to detect ZIKV infection as early 
as 2 days after fever onset, through detecting NS1 (7 cas-
es), IgM (4 cases), or IgG (2 cases). The overall detection 
rate for the 70 acute-phase samples was 41% for NS1 (29 
cases), 41% for IgM (29 cases), and 22% for IgG (16 cas-
es). Only 8 of the 70 acute-phase samples were positive 
for both IgM and IgG. Among the 29 samples positive 

 
Table 2. Sensitivity	and	specificity	results	for	validation	set	in	blinded	evaluation	for	study	of	Zika	diagnosis,	Singapore* 

Phase 

Sensitivity,	%	(95%	CI) 

 

Specificity,	%	(95%	CI) 

ELISA 
Lateral flow 

ELISA 
Lateral flow 

F1 F2 F1 F2 
Acute, 1–6	dpo        
 IgM 41.4	(29.8–53.8) 51.4	(39.2–63.6) 50.0	(37.8–62.2)  100.0	(95.5–100.0) 95.1	(87.8–98.6) 97.5	(0.91–1.00) 
 IgG 22.9	(13.7–34.4) 44.3	(32.4–56.7) 20.0	(11.4–31.3)  98.8	(93.3–100.0) 92.6	(84.6–97.2) 98.8	(0.93–1.00) 
 IgM/IgG 52.9	(40.6–64.9) 68.6	(56.4–79.1) 60.0	(47.6–71.5)  98.8	(93.3–100.0) 88.9	(80.0–94.8) 96.3	(0.90–0.99) 
 NS1 41.4	(29.8–53.8) NP NP  97.5	(91.4–99.7) NP NP 
 IgM/NS1 55.7	(43.3–67.6) NP NP  97.5	(91.4–99.7) NP NP 
 IgG/NS1 61.4	(49.0–72.8) NP NP  96.3	(89.6–99.2) NP NP 
 IgM/IgG/NS1 67.1	(54.9–77.9) NP NP  96.3	(89.6–99.2) NP NP 
Convalescent,	7–21	dpo       
 IgM 79.2	(65.0–89.5) 70.8	(55.9–83.0) 70.8	(55.9–83.0)  95.7	(88.0–99.1) 87.1	(77.0–93.9) 94.3	(86.0–98.4) 
 IgG 83.3	(69.8–92.5) 89.6	(77.3–96.5) 79.2	(65.0–89.5)  84.3	(73.6–91.9) 78.6	(67.1–87.5) 90.0	(80.5–95.9) 
 IgM/IgG 89.6	(77.3–96.5) 89.6	(77.3–96.5) 87.5	(74.8–95.3)  80	(68.7–88.6) 68.6	(56.4–79.1) 84.3	(73.6–91.9) 
*ELISA	and	IA	assays	were	evaluated	for	the	detection	of	NS1,	IgM,	and	IgG	with	TTSH	plasma	samples	(ZIKV:	n	=	70	with	1–6	dpo,	and	n	=	48	with	7–
16	dpo;	DENV:	n	=	81	with	1–6	dpo,	and	n	=	70	with	7–21	dpo.	Sensitivity	and	specificity	were	determined	with	positive	plasmas	divided	by	the	total	
number	of	respective	ZIKV	and	DENV	plasma	samples.	DENV,	dengue	virus;	dpo,	days	postonset	of	symptoms;	F1,	capture	format;	F2,	detector	format;	
IA, immunochromatographic assay; NP,	not	performed	(NS1 antigen test was not performed in the lateral	flow	formats	because	of	low	sensitivity); NS1, 
nonstructural	protein	1;	ZIKV,	Zika	virus. 

 

 
Table 3. Sensitivity	and	specificity	comparison	between	GenBody	and	in-house IA assays for study of Zika	diagnosis, Singapore* 

Late phase, 
7–16	dpo 

Sensitivity,	%	(95%	CI) 

 

Specificity,	%	(95%	CI) 

GenBody 
Lateral flow 

GenBody 
Lateral flow 

F1 F2 F1 F2 
IgM 28.6	(15.7–44.6) 76.2	(60.5–87.9) 73.8	(58.0–86.1)  97.4	(86.5–99.9) 100.0	(91.0–100.0) 94.9	(82.7–99.4) 
IgG 71.4	(55.4–84.3) 85.7	(71.4–94.6) 76.2	(60.5–87.9)  61.5	(44.6–76.6) 79.5	(63.5–90.7) 89.7	(75.8–97.1) 
IgM/IgG 78.6	(63.2–89.7) 85.7	(71.4–94.6) 85.7	(71.5–94.6)  56.0	(42.1–74.4) 79.5	(63.5–90.7) 84.6	(69.5–94.1) 
*All	IA	assays	were	evaluated	with	TTSH	plasma	for	IgM	and	IgG	test	(ZIKV,	n	=	42;	DENV,	n	=	39,	7–16	dpo,	subset	of	blinded	test	samples).	GenBody	
strips	were	tested	in	a	nonblinded	approach,	and	compared	with	F1	and	F2	results	that	were	obtained	from	the	blinded	test	of	the	validation	set.	DENV,	
dengue	virus;	dpo,	days	post	onset	of	symptoms;	F1,	capture	format;	F2,	detector	format;	IA,	immunochromatographic	assay;	TTSH,	Tan	Tock	Seng	
Hospital;	ZIKV,	Zika	virus. 
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Figure 4. Immunochromatographic 
assay (IA) of H-zMut2 F1 IA for 
IgM and IgG detection in study 
of Zika diagnosis, Singapore. 
H-zMut2 as capture antigen in 
the F1 IA format was tested with 
training set for detecting IgG (left) 
and IgM (right). Representative 
strips show a comparison of 
performance for WT-NS1, H-zWT 
and H-zMut2. Overall, H-Mut2 
showed higher specificity than 
H-zWT (against DENV plasma, 
bottom panels), though both 
H-Mut2 and H-zWT showed 
greater sensitivity compared to 
WT-NS1 (against ZIKV plasma, 
top panels). The arrows indicate 
positive signals at the test line (T), 
upstream of the control line (C). 
DENV, dengue virus; OD, optical 
density; WT, wild type; ZIKV,  
Zika virus.

for NS1, 19 were positive for IgM and 2 were positive 
for IgG. Within the validation set (acute- and convales-
cent-phase samples, n = 118), 35 patients provided their 
blood samples at 2 different time points (Appendix 1 
Table 4). We observed increased IgM and IgG levels in 
most of the samples by ELISA, upon disease progres-
sion over time (30 of 35 cases). For 28 of these patients, 
the first collection was in the acute phase and the second 
in the convalescent phase. We compiled test results and 
associated information for all patient samples used in 
this study (Appendix 2, https://wwwnc.cdc.gov/EID/
article/27/5/19-0121-App2.xslx). 

Discussion
In this study, we engineered ZIKV NS1 mutants for 
serologic testing in 2 different methods, the ELISA 
and the IA. We also developed monoclonal antibod-
ies for detecting ZIKV NS1 to complement the sero-
logic tests. A notable feature of our study was the 
ability to access confirmed ZIKV-infected and DENV-
infected samples collected in acute and recent con-
valescent phases of infection (118 ZIKV samples, 151 
DENV samples), which enabled a detailed evaluation 
and analysis of our assay’s performance.

The ZIKV IgM test was recommended by the 
Centers for Disease Control and Prevention (CDC) as 

part of the diagnostic regimen for symptomatic per-
sons, as well as for nonsymptomatic pregnant women 
(18). The major drawback for serologic tests, includ-
ing those authorized by CDC for emergency use, is 
the high rate of cross-reactivity to DENV-positive 
samples (21,27). A supplemental PRNT test is thus 
required to confirm IgM-positive specimens (18,27). 
Therefore, there is still a need for the development of 
a rapid, sensitive, and specific serologic test.

Both ZIKV E and NS1 antigens have been used 
in various serologic assays (21,28,29). In the ELISA 
format, both CDC and InBios (https://inbios.com) 
IgM kits used a monoclonal antibody that was pre-
viously developed against the West Nile virus E 
antigen. Although the 2 assays showed high posi-
tive test agreement (21), some studies demonstrated 
high false-positive rates with both assays (21,30). To 
reduce cross-reactivity to native DENV E antigen, 
either a mutated full-length or a conserved domain 
have been used (31,32). These capture antigen-based 
ELISA assays have some drawbacks, such as requir-
ing a competing heterologous antigen to achieve 
better IgG specificity or showing cross-reactivity to 
recent convalescent-phase DENV samples obtained 
within 12 weeks of symptom onset. Good specificity 
was reported with the use of ZIKV NS1 as capture 
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agent for serologic testing, but an evaluation study 
showed that the assays had low sensitivity (29).

The result of our blinded study indicated that 
the engineered H-zMut2 is suitable for developing a 
relatively reliable serologic ZIKV test, especially with 
convalescent samples (7–16 dpo). In comparison with 
the serologic assays reported by others, our ELISA 
tests showed reasonable performance characteristics 
for convalescent specimens and were relatively easy 

to perform. The entire assay can be completed within 
90 min for IgM or 30 min for IgG, without the need to 
use a heterologous competing protein. Our tests also 
showed low cross-reactivity against recent convales-
cent-phase DENV samples (7–21 dpo).

We demonstrated the use of an engineered NS1 
protein for accurate ZIKV diagnosis in both ELISA 
and IA approaches. The 2 IA formats were slightly dif-
ferent in test performance with convalescent samples. 

Figure 6. Distribution of number 
of plasma cases (x-axes) over 
number of DPO (y-axes) in study 
of Zika diagnosis, Singapore. F1 
immunochromatographic assay 
format tested with validation set 
in a blinded manner (Tan Tock 
Seng Hospital plasma); positive 
plasma (black) and total plasma 
cases (gray) over dpo are 
also shown. A, C) Zika patient 
samples; B, D) Dengue patient 
samples. dpo, days postonset of 
symptoms.

Figure 5. 
Immunochromatographic 
assay (IA) of H-zMut1 as 
detector antigen in the F2 IA for 
detecting IgM and IgG in study 
of Zika diagnosis, Singapore. 
Representative strips showing 
F2 IA format tested with 
validation set in blinded manner. 
Arrows at top indicate test lines. 
C, control line.
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Figure 7. ELISA for ZIKV NS1 detection in study of Zika diagnosis, Singapore. A) Receiver operating characteristics curve analysis 
showing the performance of C12-C11 sandwich ELISA when tested against ZIKV-infected or non–ZIKV-infected samples. B) ZIKV 
NS1 quantification in patient samples using in-house antibody pairs. Each dot represents an individual patient sample. C) Distribution 
of number of plasma cases (x-axis) over dpo (y-axis) for ZIKV NS1 ELISA tested with the validation set; positive plasma (black) and 
the total plasma cases (gray) at each dpo are also shown. DENV, dengue virus; dpo, days postonset of symptoms; NS1, nonstructural 
protein 1; ZIKV, Zika virus.

For example, the F1 IA approach showed favorable 
performance in individual tests (sensitivity/specific-
ity 71%/87% for IgM, 90%/79% for IgG) whereas the 
F2 IA, albeit conferring lower individual test sensitiv-
ity (71% for IgM, 79% for IgG), had improved overall 
performance with >80% sensitivity and specificity in 
combined IgM/IgG tests. In addition, we found that 
our IA assays outperformed the GenBody RDT kit 
when tested against samples in the validation set.

On the basis of our ZIKV ELISA and IA test per-
formance, we propose that patients being tested in the 
time window of 7–16 dpo can be evaluated by our IgM/
IgG tests as part of the current diagnostic algorithm. 
These tests would potentially streamline the diagnos-
tic process by reducing the dependency on PRNT. For 
patients in the acute phase, the combined NS1/IgM/
IgG test would be appropriate. Even though the NS1 
test by itself was not reliable for diagnosing early ZIKV 
infections, the inclusion of this test with IgM/IgG im-
proved the overall sensitivity of the assay. Our speci-
ficity could be reduced when diagnosing acute ZIKV 
patients who might have had recent or remote DENV 
infections; a slight decrease in specificity was observed 
in the IgG test when comparing DENV convalescent 
and acute samples. These results indicate that NS1 
alone is not sufficient for early diagnosis of ZIKV in-
fection, in contrast to a report by Bosch et al. (33). The 
discrepancy could be the result of differences in the 
patients’ immune response or in the assay protocols.

In conclusion, we have developed a serologic test 
based on engineered NS1 mutants for detecting ZIKV 
IgM/IgG. Coupled with an NS1 antigen detection test, 

the combined NS1/IgM/IgG assay showed relatively 
high sensitivity and specificity and outperformed 
a commercial kit. Further evaluation using patient 
samples from different infected regions, ZIKV/DENV 
strains, and pandemic/epidemiologic records is need-
ed to determine the overall performance of our assays. 
These assays, in either ELISA or IA format, can poten-
tially be developed for on-site diagnosis to achieve bet-
ter disease control and improved patient care during 
outbreaks of ZIKV infections.
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Engineered NS1 for Sensitive, Specific Zika 
Virus Diagnosis from Patient Serology 

Appendix 1 

Detailed Methods for the Development of the Zika Serological Tests 

Cloning, Expression, and Purification of Zika NS1 Antigens 

Flaviviruses NS1 and ZIKV WT (WT-NS1, Uganda strain) were purchased from Native 

Antigen (https://thenativeantigencompany.com). Zika NS1 construct (French 

Polynesia/10087PF/2013; GenBank accession no. KX447521.1) was used for in-house protein 

engineering and expression. ZIKV NS1 mutants, peptide fragments, and domain fragments were 

generated from either gene synthesis (Integrated DNA Technologies [IDT], 

https://www.idtdna.com or Bio Basic, https://www.biobasic.com) or primers containing the 

designed residue mutations (IDT). Plasmids containing related ZIKV NS1 antibodies and ZIKV 

NS1 proteins were expressed in mammalian cells with ExpiCHO system (Thermo Fisher, 

https://www.thermofisher.com). Culture supernatants were harvested and purified using HisPur 

Ni-NTA resin (Thermo Fisher) for His-tagged proteins and protein A beads (Amintra) for 

antibodies. Proteins were buffer exchanged with PBS buffer (Thermo Fisher) using Amicon 

Ultra 15 (Millipore, https://www.sigmaaldrich.com), and quantified by using a NanoDrop 

spectrophotometer (Thermo Fisher). 

Immunochromatographic Assays 

Format 1: Nitrocellulose membrane strips (Millipore) were spotted with 0.33 µL of 0.5 

mg/mL H-zMut2 (test line) and 0.33 µL of 0.2 mg/mL polyclonal goat anti-human IgG or 0.33 

µL of 0.2 mg/mL mouse anti-human IgM antibody (control line). The strips were dried at 37°C 

for 5 min and blocked with blocker casein in TBS for 30 min. The strips were then washed with 

borate buffer supplemented with 1% sucrose and 0.01% SDS and dried for 1 hour at 37°C. The 

strips were assembled with the glass fiber filter and absorption pad. For the IgM test, 5 µL of 

diluted sample (1:220) was passed through the membrane, followed by 15 µL of PBS buffer 

https://doi.org/10.3201/eid2705.190121
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containing 0.05% Tween and 1% BSA. The strips were then added to polyclonal goat anti-

human IgM-AP (Fitzgerald, https://www.fitzgerald-fii.com), followed by 10 µL of washing 

buffer. Subsequently the strip was dipped in 200 µL of BCIP/NBT (MOSS) for 7.5 min. The 

reaction was stopped by dipping the membrane strip in 0.3 M NaOH. For the IgG test, 5 µL of 

diluted sample (1:400) was passed through the membrane, followed by 15 µL of the washing 

buffer. The strips were then added to goat anti-human IgG Fc HRP (Thermo Fisher), followed by 

10 µL washing buffer. The membrane strip was dipped in 200 µL of metal-enhanced DAB 

solution (Thermo Scientific) for 5 min. The strips were dipped in water before imaging. All the 

strips were imaged using a Bio-Rad ChemiDoc MP Imaging System (https://www.bio-rad.com) 

on autoscale setting. 

Format 2: To prepare the test strips, 1 µL of anti-human IgG and IgM capture antibodies 

(1 mg/mL) were immobilized on nitrocellulose membrane strips (3 mm width × 25 mm length) 

at the downstream and upstream portion, respectively, via vacuum drying. The test strips were 

then blocked with casein (1% w/v), washed with borate buffer, and vacuum dried before use. To 

prepare the conjugate pad, the H-zMut1 antigen was first conjugated to 40-nm gold nanoparticles 

(Au NPs) via covalent binding. The conjugated Au NPs were then diluted to 0.5 optical density 

(OD) using casein buffer, and then dried on glass fiber strips (3 mm width × 30 mm length). The 

nitrocellulose test strips were assembled with the glass fiber and an absorbent pad (10 mm width 

× 20 mm length). Patient plasma samples (neat, 5 µL) were applied to the upstream portion of 

the nitrocellulose test strip and 60 µL of chasing buffer (1× PBS) was then applied to the glass 

fiber conjugate pad. As the patient plasma and Au NPs flowed past the IgG/IgM test spots, a 

visible red signal could be observed by the naked eye within 15 minutes. 

ZIKV IgM and IgG ELISA Assay 

Polystyrene plates were coated overnight with 1 µg/mL of ZIKV NS1-related antigen in 

PBS buffer, and blocked with blocking buffer (PBS with 10% nonfat dry milk [Bio-Rad]). To 

perform the ZIKV IgM ELISA assay, patient serum diluted in blocking buffer was mixed with 

IgG/Rf stripper (Bio-Rad) (e.g., 0.5 µL of sample with 2 µL of IgG stripper in a total of 60 µL to 

make a 1:120 sample dilution) and incubated for 30–45 min. After incubation, the sample was 

transferred to the ZIKV NS1-coated plates and incubated for 25 min at 37°C. Plates were 

washed, and anti-human IgM-HRP (Abcam, https://www.abcam.com) (1:4300 dilution) was 
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added for an additional 10 min incubation at 37°C. Plates were washed again, and the TMB 

substrate was added for 10 min before stopping with KPL stop solution (SeraCare, 

https://www.seracare.com). For the ZIKV IgG ELISA assay, blocking buffer containing patient 

serum (1:250 dilution) was transferred to ZIKV NS1 antigen-coated plates and incubated for 12 

min at 37°C. Upon washing, anti-human IgG-HRP (Thermo Fisher) (1:5500 dilution) was added 

to the plates for 10 min incubation at room temperature, followed by substrate incubation for 7 

min, and stopped by adding stop solution and measuring absorbance at 450 nm. Serum samples’ 

mean ODs were measured from 2 replicates. For the ELISA assays performed using serum 

samples from the training and validation sets, mean OD of the sera samples (P) was divided by 

the mean OD of an internal standard (I). P/I ratio of >1.5 was considered as Zika positive for 

both IgM and IgG assays. The internal standard was built based on a commercial dengue sample 

that consistently showed minimal cross reactivity in our assays. 

Monoclonal Antibody Generation and Production 

The anti-ZIKV NS1 antibodies were generated in New Zealand white rabbits according 

to an approved Institutional Animal Care and Use Committee protocol. Briefly, each animal was 

immunized with recombinant ZIKV WT NS1 (Native Antigen) and the titer was checked after 

every round of immunization. Upon achieving a high titer, B cells were isolated and sorted for 

culture. Supernatants from the B cells were tested using ZIKV NS1 antigen ELISA and variable 

regions were then recovered from positive clones for subcloning into expression vector 

containing rabbit constant regions. Monoclonal antibodies were expressed in CHO cells for 

large-scale production according to manufacturer’s protocol (Gibco, 

https://www.thermofisher.com). Antibodies were purified with Protein A resins (Amintra; 

Abcam), buffer-exchanged into PBS (Gibco), and concentrated using Amicon Ultra centrifugal 

filters (Merck Millipore). 

ZIKV NS1 ELISA 

Polystyrene plates were coated with 1 µg/mL of C12 in PBS and incubated overnight at 

4°C. The plates were blocked with 2% bovine serum albumin, fraction V (BSA, Capricorn, 

https://www.capricorn-scientific.com) in PBS before use. After washing with PBS, 45 µL of 

serially diluted recombinant ZIKV NS1 antigen (ranging from 0 to 6.4 ng/mL) in normal human 

serum control or patient sample were co-incubated with 5 µL of 10% BSA and 1% PBST for 1 

https://www.seracare.com/


 

Page 4 of 6 

hr at 37°C; 10 µg/mL of recombinant DENV1 NS1 in normal human serum control was included 

as negative control. Plates were then washed 5 times with 0.2% PBST and once with PBS. Next, 

an optimized amount of biotinylated C11 in 1% BSA 0.1% PBST was added for a 1-hour 

incubation at room temperature. The plates were washed and incubated at room temperature with 

streptavidin-poly-HRP (SDT) diluted in 1% BSA 0.1% PBST for 30 min. The plates were then 

developed with 100 µL of TMB for 15 min and terminated with 50 µL of stop solution. The 

absorbance at 450 nm was taken using a Tecan M200 plate reader (Thermo Fisher). The limit of 

detection was set at 2× the OD450 of the background (normal human serum). The ZIKV NS1 

level in the samples was estimated through interpolation from a standard curve. The cutoff was 

established by 3 standard deviations (SD) from the mean values of 45 DENV patient samples 

interpolated from the standard curve. 

Appendix 1 Table 1. H-zMut2 ELISA for training set* 

No. samples tested 
ZIKV case sensitivity, % 

(positive cases detected/total) 
DENV case specificity, % 

(not detected/total) 
No. samples tested, IgM test 37 

83.4 (31/37) 
52 

86.5 (45/52) 
No. samples tested, IgG test 37 

89.2 (33/37) 
67 

88.1 (59/67) 
*Both IgM and IgG ELISA were tested with plasma as indicated by using H-zMut2 as the capture antigen. Details of the training set were described in 
the Materials and Methods section (main article). For the ZIKV IgM test, 27 ZIKV plasma and 31 DENV plasma samples were obtained from TTSH, 
and 10 ZIKV sera and 21 DENV sera were obtained from commercially available sources. For the ZIKV IgG test, 27 ZIKV plasma and 46 DENV 
plasma samples were obtained from TTSH, and 10 ZIKV serum samples and 21 DENV serum samples were obtained from commercially available 
sources. DENV, dengue virus; ELISA, enzyme-linked immunosorbent assay; TTSH, Tan Tock Seng Hospital; ZIKV, Zika virus. 

 
Appendix 1 Table 2. Capture antigens-ELISA for validation set* 

Antigen 

ZIKV case sensitivity, % 
(positive cases detected/total) 

DENV case specificity, % 
(not detected/total) 

Acute Convalescence Acute Convalescence 
Antigen: H-zMut2     
 IgM test 41.4 (29/70) 79.2 (38/78) 100.0 (81/81) 95.7 (67/70) 
 IgG test 22.9 (16/70) 83.3 (40/48) 97.5 (79/81) 84.3 (59/70) 
 Combined IgM and IgG test 52.9 (37/70) 89.6 (43/48) 98.8 (80/81) 80.0 (56/70) 
Antigen: ZIKV WT     
 IgM test 2.9 (2/70) 33.3 (38/48) 97.5 (79/81) 98.6 (69/70) 
 IgG test 14.3 (10/70) 56.3 (27/48) 97.5 (79/81) 72.9 (51/70) 
 Combined IgM and IgG test 17.1 (12/70) 83.3 (40/48) 97.5 (79/81) 71.4 (50/70) 
Antigen: H-zWT     
 IgM test 51.4 (36/70) 81.3 (39/48) 95.1 (77/81) 74.3 (52/70) 
 IgG test 30.0 (21/70) 85.4 (41/48) 96.3 (78/81) 68.6 (48/70) 
 Combined IgM and IgG test 65.7 (46/70) 90.0 (43/48) 92.6 (72/81) 54.3 (38/70) 
*The capture antigens, H-zMut2, WT-NS1, and H-zWT, were tested for detecting IgM and IgG in a blinded manner; sensitivity and specificity were 
determined against ZIKV and DENV plasma, respectively. In the combined IgM/IgG tests, normalized OD >1.5 either in IgM or IgG test for respective 
plasma sample was determined as positive. Plasma sample details and information were described in the Material and Methods section in the main 
article. DENV, dengue virus; OD, optical density; ZIKV, Zika virus. 

. 
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Appendix 1 Table 3. Capture antigens in immunochromatographic assay (F1 IA) for IgM and IgG detection* 

Category 
ZIKV cases sensitivity, % 

(positive cases detected/total) 
DENV case specificity, % 

(not detected/total) 
No. samples tested 37 67 
Antigen: H-zMut2   
 IgM test 89.2 (33/37) 89.6 (60/67) 
 IgG test 97.3 (36/37) 94.0 (63/67) 
Antigen: ZIKV WT   
 IgM test 48.6 (18/37) 95.5 (64/67) 
 IgG test 70.3 (26/37) 74.6 (60/67) 
Antigen: H-zWT   
 IgM test 81.1 (30/37) 83.6 (56/67) 
 IgG test 97.3 (36/37) 59.7 (40/67) 
*The capture antigens, H-zMut2, WT-NS1 and H-zWT, were tested with the training set as defined in the Materials and Methods section (main 
article). Both IgM and IgG detection in the F1 IA format were evaluated with samples as indicated. For ZIKV IgM and IgG tests, 27 ZIKV plasma 
samples and 46 DENV plasma samples were obtained from TTSH, and 10 ZIKV serum samples and 21 DENV serum samples were obtained from 
commercially available sources. DENV, dengue virus; TTSH, Tan Tock Seng Hospital; ZIKV, Zika virus. 

 
Appendix 1 Table 4. H-zMut2 ELISA for patient plasma samples collected over 2 time points 
Sample no. dpo Normalized IgG Normalized IgM  dpo Normalized IgG Normalized IgM 
ZIKA002-1 6 0.245056 7.009544  7 0.536954 12.77939 
ZIKA005-1 3 0.2292 1.072633  12 6.523791 11.7708 
ZIKA007-R 2 0.160063 0.944636  3 0.252408 1.886678 
ZIKA024-R 8 7.055933 1.110142  10 11.63988 1.299192 
ZIKA014-R 6 0.148191 0.432131  7 0.390206 0.454905 
ZIKA015-R 5 0.112273 0.976121  6 0.118206 14.78041 
ZIKA016-1 3 0.248569 1.151707  12 7.452582 13.3077 
ZIKA018-1 5 0.166857 4.758398  14 3.166973 11.52558 
ZIKA020-1 5 3.009509 2.456247  12 7.836708 8.926948 
ZIKA024-1 7 4.96869 0.798065  8 7.055933 1.110142 
ZIKA027-1 3 0.17766 5.043171  12 6.397515 16.96656 
ZIKA028-1 4 1.081659 0.548624  11 8.647051 1.993418 
ZIKA029-1 5 0.112195 0.764514  12 0.173767 0.798875 
ZIKA030-1 4 1.876883 0.917834  12 11.48693 1.762583 
ZIKA034-R 4 1.481061 0.898225  12 5.706225 1.045856 
ZIKA036-1 5 3.119371 3.789137  13 6.898693 7.675395 
ZIKA043-R 2 0.506782 1.909105  4 1.843062 7.526417 
ZIKA050-1 6 0.566019 2.051754  12 7.508097 21.44605 
ZIKA053-1 6 0.421136 4.078114  12 4.492642 15.71716 
ZIKA054-1 5 0.774091 0.542287  6 2.144467 0.959967 
ZIKA055-1 6 0.196445 1.288362  11 1.383456 12.63373 
ZIKA056-1 6 0.223802 1.698473  12 3.418552 21.10136 
ZIKA060-R 4 0.357674 1.549509  9 5.941243 22.28346 
ZIKA061-1 4 0.134477 0.391196  5 0.147088 0.488138 
ZIKA067-R 4 1.210687 0.613105  5 3.095906 1.017795 
ZIKA068-1 4 0.227564 0.325781  10 0.178818 0.50098 
ZIKA069-R 4 6.244419 0.415801  5 7.062833 0.399823 
ZIKA070-1 3 0.338197 0.432599  4 0.283432 0.45979 
ZIKA072-1 4 2.519165 0.445334  12 10.70816 7.508905 
ZIKA073-1 4 0.390882 8.400598  12 6.837443 8.630448 
ZIKA075-1 3 5.60034 2.777571  11 8.339426 25.36846 
ZIKA076-1 2 0.152257 0.681845  12 5.555499 19.51593 
ZIKA079-1 4 2.275925 1.932228  12 7.498631 10.29619 
ZIKA083-1 6 0.531495 0.442915  12 0.457126 1.024719 
ZIKA088-1 7 6.968271 5.710357  13 7.187742 11.81088 
*A total of 35 patient specimens were assayed for detecting ZIKV IgM and IgG. Increase in the normalized OD for both IgM and IgG can be observed 
in most cases at the second time point, upon disease progression (30/35 cases); 28 of the 35 patients were tracked from acute to convalescent 
phase (n = 28). Normalized OD >1.5 was highlighted in gray. dpo, days post onset of symptoms; OD, optical diameter. 
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Appendix 1 Figure. ZIKV NS1 “sandwich” ELISA using in-house antibody pair. A) C12-C11 was tested 

by ELISA using recombinant antigens of different flaviviruses spiked into human control serum (panel i) 

and viral culture supernatant (panel ii). Zika Y, Puerto Rico strain (Y2015); Zika K, Thailand strain 

(KF993678); Zika N, Singapore strain (NPHL). The data represent the average (±SD) of the replicates for 

each sample from 1 of the 3 independent experiments. B) Standard curve for ZIKV NS1 ELISA 

established with recombinant protein spiked into human serum. The assay values represent the average 

of 4 experiments, and the error bars indicate the SD. C) The cutoff for ELISA was established using 45 

patient samples infected by DENV. Horizontal line indicates cutoff at 0.25 ng/mL. DENV, dengue virus; 

ELISA, enzyme-linked immunosorbent assay; SD, standard deviation; ZIKV, Zika virus. 


